NMR spectroscopy with proteins based on observation of a small number of spins with outstanding spectral properties, which either may be present naturally or introduced by techniques such as site-specific isotope labeling, yielded biologically relevant information on human hemoglobin (M ϭ 65,000) as early as 1969 (1), and subsequently also for significantly larger systems such as Igs (2). In contrast, the use of NMR for de novo structure determination (3, 4) so far has been limited to relatively small molecular sizes, with the largest NMR structure below molecular weight 30,000. Although NMR in structural biology may, for practical reasons of coordinated use with x-ray crystallography (5), focus on smaller molecular sizes also in the future, considerable effort goes into attempts to extend the size limit to bigger molecules (for example, see refs. 6-8). Here we introduce transverse relaxation-optimized spectroscopy (TROSY) and present experimental data and theoretical considerations showing that this approach is capable of significantly reducing transverse relaxation rates and thus overcomes a key obstacle opposing solution NMR of larger molecules (7).
at 4°C. Because the ratio of the DD and CSA relaxation rates is nearly independent of the molecular size, a similar percentagewise reduction of the overall transverse relaxation rates is expected for larger proteins. For a 15 N-labeled protein of 150 kDa at 750 MHz and 20°C one predicts residual linewidths of 10 Hz for 15 N and 45 Hz for 1 H N , and for the corresponding uniformly 15 N, 2 H-labeled protein the residual linewidths are predicted to be smaller than 5 Hz and 15 Hz, respectively. The TROSY principle should benefit a variety of multidimensional solution NMR experiments, especially with future use of yet somewhat higher polarizing magnetic fields than are presently available, and thus largely eliminate one of the key factors that limit work with larger molecules.
NMR spectroscopy with proteins based on observation of a small number of spins with outstanding spectral properties, which either may be present naturally or introduced by techniques such as site-specific isotope labeling, yielded biologically relevant information on human hemoglobin (M ϭ 65,000) as early as 1969 (1) , and subsequently also for significantly larger systems such as Igs (2) . In contrast, the use of NMR for de novo structure determination (3, 4) so far has been limited to relatively small molecular sizes, with the largest NMR structure below molecular weight 30,000. Although NMR in structural biology may, for practical reasons of coordinated use with x-ray crystallography (5), focus on smaller molecular sizes also in the future, considerable effort goes into attempts to extend the size limit to bigger molecules (for example, see refs. [6] [7] [8] . Here we introduce transverse relaxation-optimized spectroscopy (TROSY) and present experimental data and theoretical considerations showing that this approach is capable of significantly reducing transverse relaxation rates and thus overcomes a key obstacle opposing solution NMR of larger molecules (7) .
At the high magnetic fields typically used for studies of proteins and nucleic acids, chemical shift anisotropy interaction (CSA) of 1 H, 15 N, and 13 C nuclei forms a significant source of relaxation in proteins and nucleic acids, in addition to dipole-dipole (DD) relaxation. This leads to increase of the overall transverse relaxation rates with increasing polarizing magnetic field, B 0 . Nonetheless, transverse relaxation of amide protons in larger proteins at high fields has been reduced successfully by complete or partial replacement of the nonlabile hydrogen atoms with deuterons and, for example, more than 90% of the 15 N, 13 C ␣ , and 1 H N chemical shifts thus were assigned in the polypeptide chains of a protein-DNA complex of size 64,000 (6) . TROSY uses spectroscopic means to further reduce T 2 relaxation based on the fact that cross-correlated relaxation caused by DD and CSA interference gives rise to different relaxation rates of the individual multiplet components in a system of two coupled spins 1 ⁄2, I and S, such as the 15 N-1 H fragment of a peptide bond (9, 10) . Theory shows that at 1 H frequencies near 1 GHz nearly complete cancellation of all transverse relaxation effects within a 15 N-1 H moiety can be achieved for one of the four multiplet components. TROSY observes exclusively this narrow component, for which the residual linewidth is then almost entirely because of DD interactions with remote hydrogen atoms in the protein. These can be efficiently suppressed by 2 H-labeling, so that in TROSY-type experiments the accessible molecular size for solution NMR studies no longer is primarily limited by T 2 relaxation.
Theory
We consider a system of two scalar coupled spins 1 ⁄2, I and S, with a scalar coupling constant J IS , which is located in a protein molecule. T 2 relaxation of this spin system is dominated by the DD coupling of I and S and by CSA of each individual spin, because the stereochemistry of the polypeptide chain restricts additional interactions of I and S to weak scalar and DD couplings with a small number of remote protons, I k . The relaxation rates of the individual multiplet components of spin S in a single quantum spectrum then may be widely different (9, 11, 12 
where J() represents the spectral density functions at the frequencies indicated:
In deriving Eqs. 
Here, Eqs. 1-6 were used to calculate theoretical lineshapes of spin multiplets for given sets of the relaxation parameters, which subsequently were compared with the experimental NMR data. In particular, the in-phase absorptive spectrum was calculated using Eq. 7 (14) ,
where V ϭ (1,1), and the relaxation matrix A is the (2ϫ2) matrix on the right side of Eq. 1, and E is the unity matrix.
Experimental Procedures
NMR spectra were recorded on Bruker DRX 750 and Varian Unityplus 400 spectrometers with a 2 mM solution of the specific 1:1 complex formed between a uniformly 15 N-labeled 70-residue fushi tarazu (ftz) homeodomain polypeptide and an unlabeled 14-bp DNA duplex (18, 19) (34) , using the two off-resonance rf-pulses indicated by curved shapes. The 1 H and 15 N carrier frequencies are placed at 9 and 127 ppm, respectively. The delay 1 corresponds to 1͞(4 1 J( 1 H, 15 N)) ϭ 2.7 ms. Phases used are 1 ϭ {y,Ϫy,Ϫx,x,y,Ϫy,Ϫx,x}; 2 ϭ {4(x),4(-x)}; 1 ϭ {4(y),4(-y)}; 2 (receiver) ϭ {x,Ϫx,Ϫy,y,x,Ϫx,y,Ϫy}; x on all other pulses. The row marked PFG (pulsed field gradient) indicates the applied magnetic field gradients along the z-axis: G1, amplitude ϭ 30 G͞cm, duration ϭ 0.4 ms; G2, Ϫ60 G͞cm, 1 ms; G3, 50 G͞cm, 0.4 ms; G4, 48 G͞cm, 0.6 ms. Two free induction decays are recorded per t1 delay, with 1 incremented by 90°in between and stored as the real and imaginary parts of the interferogram in t1. The Fourier transformation results in a two-dimensional 1 H, 15 N correlation spectrum that contains only the component of the four-line 15 N-1 H multiplet that has the slowest T2 relaxation rates for both nuclei. With this scheme, DD͞CSA relaxation interference, which has been known for many years (35, 36) , can be used to extend the limits of protein NMR. 15 N resonances. For all spectra t 1max ϭ 90 ms and t 2max ϭ 171 ms were used. In TROSY the evolution of the I,S spin system due to the 1 J IS scalar coupling was not refocused during t 1 and t 2 , thus avoiding suppression of cross-correlated relaxation during these periods. To obtain the pure absorptive spectrum containing only the most slowly relaxing component of the two-dimensional multiplets, the scheme of Fig. 1 was used (see also Appendix: Quantitative Analysis of TROSY).
Results
The NMR experiments with the uniformly 15 N-labeled ftz homeodomain complexed with a 14-bp DNA duplex were performed at 4°C. The T 1 ͞T 2 ratio of 15 N was used to estimate the effective global correlation time, c , of the complex (20 (Fig. 2b) . The crosspeak at ( 1 ϭ 130.7 ppm, 2 ϭ 10.78 ppm) exhibits the broadest linewidths in both dimensions, which shows that it originates from the rapidly relaxing components of both 1 H N and 15 N. One-dimensional cross-sections taken along 2 and 1 at the positions indicated by arrows in the spectra presented in Fig. 2 show that the two cross-peaks at ( 1 ϭ 132.1 ppm, 2 ϭ 10.78 ppm) and ( 1 ϭ 130.7 ppm, 2 ϭ 10.65 ppm) are broadened either along 1 or along 2 (Fig. 3) . The cross-peak at ( 1 ϭ 132.1 ppm, 2 ϭ 10.65 ppm) displays narrow linewidths in both dimensions, showing that it originates from the two slowly relaxing components of the 15 N-1 H doublets. The TROSY-type correlation experiment, which does not use decoupling either during t 1 or t 2 , contains only this narrowest correlation peak (Fig. 2c) , which shows about 60% and 40% decrease in the linewidths of the 15 N and 1 H resonances, respectively, when compared with the collapsed cross-peak in the conventional, broadband-decoupled spectrum (Fig. 2) .
The fits of the experimental line shapes shown in Fig. 3 N . Application of one or a series of 180°pulses on spin I during the evolution of spin S interchanges the slowly and rapidly relaxing components of the S multiplet, which results in averaging of the slow and fast relaxation rates and elimination of the CSA͞DD interference (25, 26 (Fig. 3 a1 and b1) (27) and for ⌬ N of Ϫ160 ppm (28) were determined. Independently, solution NMR experiments yielded values for ⌬ H of backbone amide protons in the range 3 to 15 ppm (37) and ⌬ N near Ϫ170 ppm (10) .
Discussion
In the experiments with the ftz homeodomain-DNA complex the overall transverse relaxation rates of 15 (Fig. 4) The TROSY principle drastically reduces all major sources of relaxation throughout the entire NMR experiment, including signal acquisition, and is clearly distinct from the use of heteronuclear multiple-quantum coherence to reduce dipolar relaxation between heteronuclei (29), which previously was used for measurements of 3 J H␣H␤ scalar coupling constants in proteins (30) . Heteronuclear multiple-quantum coherences are subject to dipolar relaxation with remote spins as well as to CSA relaxation, which limits the use of these coherences at high polarizing magnetic fields. Moreover, the slow relaxation of the multiple-quantum coherences cannot be used during signal acquisition (14) , which is critical for large molecules.
The following are some initial considerations on practical applications of the TROSY principle: (i) Because only one of the four multiplet components of 15 (iii) Two-dimensional nuclear Overhauser effect spectroscopy (NOESY) experiments correlating amide protons and aromatic protons can be relayed by TROSY-type heteronuclear correlation experiments. In favorable cases this might result in low resolution structures for several-fold larger proteins than have been accessible so far. (iv) We anticipate that a wide variety of NMR experiments currently used for resonance assignments and collection of conformational constraints can be optimized for larger molecular sizes by use of the TROSY approach in one or several dimensions.
Appendix: Quantitative Analysis of TROSY
The coherence transfer during the pulse sequence of Fig. 1 was evaluated using the product operator formalism (31) as implemented in the program POMA (32) , and the resulting phases of the rf-pulses and the receiver were transferred into the experimental pulse program according to (33) . The transverse proton magnetization after the first 90°pulse on protons (a in Fig. 1 
